TRANSMISSION ELECTRON MICROSCOPY STUDY OF 
SUBGRAIN STRENGTHENING OF CARTRIDGE BRASS 



Thomas Benton Fulton 



NAVAL POSTGRADUATE SCHOOL 

Monterey, California 




THESIS 

transmission electron microscopy study of 

SUBC-RAIN STRENGTHENING OF CARTRIDGE BRASS 

by 

Thomas Benton Fulton 
December 1976 

Thesis Advisor: Jeff Perkins 



Approved for public release; distribution unlimited. 



UNCLASSIFIED 



SECURITY CL ASSIFICATION of THIS RACE Dmim Entered) 



REPORT DOCUMENTATION PAGE 


READ INSTRUCTIONS 
BEFORE COMPLETING FORM 


1. REPORT number 


2. GOVT ACCESSION NO. 


3. RECIPIENT'S CATALOG NUMBER 


4. TITLE (and Subtltla) 

TRANSMISSION ELECTRON MICROSCOPY STUDY OF 
SU3GRAIN STRENGTHENING OF CARTRIDGE BRA.SS 


S. TYRE OF REPORT * RERIOO COVERED 

Master’s Thesis 
. Decembpr 107 6 . 


6. performing org. report number 


7. author^*; 

Thomas 3 enton Fulton 


•• contract or grant number^*; 


». PERFORMING ORGANIZATION NAME ANO ADDRESS 

Naval Postgraduate School 
Monterey, California 939 /+O 


10. PROGRAM ELEMENT. PROJECT, TASK 
AREA A WORK UNIT NUMBERS 


II. CONTROLLING OFFICE NAME ANO ADDRESS 

Naval Postgraduate School 
Monterey, California 93940 


12. REPORT DATE 

December 1976 


13. number of pages 

A0 — 


T% MONITORING AGENCY NAME a A O D R £ S / / different from Controlling Office) 

Naval Postgraduate School 
Monterey, California 93940 


15 SECURITY CLASS, (ol thio r#Rort; 

Unclassi fied 


15a. DECLASSlFl CATION/ DOWNGRADING 

schedule 



16. DISTRIBUTION STATEMENT (of thio Report) 



Approved for public release; distribution unlimited. 



17. DISTRIBUTION ST ATCHieHT (of the ebotrect entered in Block 20, It Ilf form t from Report) 



18. supplementary notes 



is. KEY WOROS (Continue on reveree *44 o If neceeeery end identify by block num b e r ) 



20. ABSTRACT (Continue on reverie aide If no coo eery Identity by bleed mmober) 

The development of substructure in cartridge brass, subjected 
to cold rolling followed by warm annealing, is characterized as a 
function of annealing temperature and true strain. Substructure 
develops and becomes refined as annealing temperature is increased 
to the point of recrystallization. Dislocation cell structure is 

DD | j *H *73 1473 COITION OF I MOV 61 IS OBSOLETE 

(Page 1 ) s/n oioj-oM- »60i i 



SECURITY CLASSIFICATION OF THIS FaSI (Whan Data tnlara *) 



UNCLASSIFIED 

fiiCUWTv CLASSIFICATION OF This PAG ei'N'S.n H.l. £«(• r.^ 



also refined as true strain is increased. The variation of 
hardness with annealing temperature correlates well with 
substructure development and refinement. 



TRANSMISSION ELECTRON MICROSCOPY STUDY OF SUBGRAIN 
STRENGTHENING OF CARTRIDGE BRASS 



by 



B. S. 



Thomas Benton Fulton 
Lieutenant, United States Navy 
, United States Naval Academy, 1971 



Submitted in partial 
requirements for 



fulfillment of 
the degree of 



the 



MASTER OF SCIENCE IN MECHANICAL ENGINEERING 



from the 

NAVAL POSTGRADUATE SCHOOL 



■> <V7 £ 



Then'S 

cA 



Dudley khox lib.- , v 
MVAl POSTGRADUATES too 



ABSTRACT 
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strain is increased. The variation of hardness w 
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I 



INTROD UCTI ON 



The effect of the development of substructure upon 
mechanical properties of certain metals and alloys has been 
reported by numerous investigators [1-5]. It is the aim of 
this thesis to show correlations which may exist between 
hardness and subgrain cell structure for cartridge brass (70 
Cu-30 Zn). While mechanisms of subgrain formation are still 
under investigation, it has been determined that stable 
substructure may te formed oy various thermo- mechanical 
processes, such as warm rolling, creep, and cold rolling 
followed by warm annealing. The latter process has been 
used in this investigation. 



The particular thermo-mechanical process used d 
the nature of the substructural boundaries. For ax 
higher temperatures are employed in rolling, for 
sungrain size, the better the subgrain boundary 
barrier to plastic flow. Chen and Lytton [6] fo 
subgrains formed by the process of cold rolling fo 
warm annealing, as used in the present work, 
resistant to plastic flow at elevated temperat 
those obtained by warm working. 



The effect of subgra 
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materials with subgrains of 0.4 micron or less appear to be 
stronger than the same material containing grains of tne 
same size. 

Early investigation by Hall and Petch [8] found that 
flow strength in metals may be related to the grain size. 
They modeled grain boundary strengthening by assuming that, 
in the undeformed state, a polycrystalline metal has few 
dislocations between grain boundaries. As the metal is 
deformed, generated dislocations glide on well-defined slip 
planes. These dislocations pile up at grain boundaries and 
cause a stress concentration which is transmitted through 
the boundaries to adjacent grains. They proposed that the 
strengthening effect may be formulated as 



form of ''friction stress", k is a material constant, m is a 
constant, and d is the grain size. They proposed a value of 
m equal to -1/2 which would indicate that, the smaller the 
grain size, the larger the yield strength. In terms of the 
model, the smaller grain size affords a shorter plane on 
which dislocations may pile up, and the resulting smaller 
stress concentration allows a higher yield strength. The 
stress concentration resulting from the pile up is smaller 
for a finer grain size and requires a higher applied stress 
to propagate flow in the structure. 

Metallurgists today recognize the Hall-Petch relation to 
be an empirical relation which is valuable in studying 
strengthening mechanisms. Many investigators £1,4, 5, 8] have 
examined the applicability of this relation to subgrain 
strengthening and have found that, for ambient temperatures, 
the relation holds when the subgrain size & is substituted 
for d. From these studies, it appears that the constant k 



<r= 

where <5 is the strength at a fixed plastic strain, Q* 0 is a 
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may depend on the nature of the subgrain cell vail and that 
a better value for a is -1.0 [1, 4,5,8, 9], Fujita and Tabata 
[5] have found that the Hall-Petch relation depends on both 
the specimen and deformation conditions and have suggested 
that the usual grain size parameter might be replaced oy a 
more general measure, such as a mean free path for 
dislocation motion within the specimen that would take into 
consideration cell obstacles to dislocation motion ratner 
than only high angle grain boundaries. 

The purpose of this study is to characterize the 
strengthening effect of subgrain development in cartridge 
brass resulting from cold rolling followed by warm 
annealing. For this investigation, hardness was the 
mechanical property chosen to characterize the effect of 
substructure refinement. For tne remainder of this report, 
the term "dislocation cell" will be used to denote the 
diffused boundary substructure developed, rather than 
"suugrain", which might imply a more distinct boundary. 
Alloys with lew stacking fault energies, such as brass, tend 
to form these diffuse boundaries while metals with high 
stacking fault energies, such as aluminum, tend to fora very 
distinct, well-defined subgrains [10]. 
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II 



. experimental proc edu res 



The samples used in the research were cut f 
inch thick stock of cartridge brass into pieces 0. 
1.0 inch. The material was received in a 
condition, so the samples were initially annealed 
for one hour. The pieces were then cold rolled on 
mill, figure 1, to induce true strains ranging from 
percent at increments of 10 percent. Specimens 
degree of strain were then annealed at a 
temperature for one hour. Ten annealing temperatu 
used, ranging frcm room temperature to 650°F in i 
of approximately 50°F. Mecnanical testing was perf 
a Rockwell Hardness Tester using the 1/16 inch ball 
and 100 kilogram weights, resulting in a Roc 
hardness. Ten readings were taken for each sample, 
highest and lowest disregarded, and the remaining 
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Increasing the annealing temperature to 430°F results in 
the substructure shown in figure 8. The cell structure is 
more obvious and quantifiable, having characteristic 
subgrain features with a cell size of approximately 0.2 
micron. From figure 4, it is evident that there has been a 
sharp rise in the hardness of the specimen with the 
development cf the cell structures. Figure 9 indicates that 
the cell size may reach saturation at some intermediate 
value of annealing temperature, as there is no noticeable 
reduction in size of the dislocation cells by increasing the 
annealing temperature to 525°F. Figure 10 gives a higher 
magnification view of the cell structure at this peak 
hardness. While the exact nature of the boundaries cannot 
be discerned, diffused dislocation tangles are apparent. 
Reference to figure 4 indicates that the two samples, having 
approximately the same substructure, also have approximately 
the same hardness. Figure 11 is indicative of the structure 
of the material once it starts to recrystallize. The ceils 
are gone, and there appear long flowing dislocation lines 
with little interruption. As expected, figure 4 shows that 
this sample not only has not increased in hardness (since it 
has developed no substructure) but that (due to 
recrystallization) the material has actually softened from 
the "as relied" condition. 



Samples of peak hardness at each strain chosen for 
observation have well-defined cell structures. Figure 12 
shows that the cell structure developed oy the 20 percent 
strain during rolling is large and irregularly shaped. The 
central portions of the call indicate a low dislocation 
density while the cell walls are made up of dense tangles. 
The sequence of figures 12-15 shows the refinement of 
substructure as a function of increasing strain. This 
follows because, as deformation increases, dislocation 
density increases. The smaller cell structure would provide 
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more boundary surface to take in the generated dislocations. 
The increase in peak, hardness with increasing strain is 
shown in figure 4. A plot of the log of hardness versus the 
negative log of cell size can be fitted by linear regression 
with a line cf slope -0.639. Although this value approaches 
the value of -1 for a suggested by other investigators, much 
scatter is inherent in these values, which arises from the 
determination of the dislocation cell size. 
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IV. 



DIJCUSSION 



Challenger and Moteff, working with AISI 316 stainless 
steel, have made observations concerning the formation of 
dislocation cell structure [ 1 ]. Their work suggests that 
subgrains are formed by the intersection and tangling of 
dislocations lying on intersecting (111) slip planes in the 
face centered cubic structure. These dislocation tangles 
would act as barriers to subsequent dislocation glide on the 
(111) plane and will collect dislocation debris which in 
turn promotes the formation of dislocation cells whose 
boundaries lie on the (111) planes. The development of 
these stable dislocation tangles formed by intersecting slip 
planes is the Lomer-Cottrell effect. 

In other work [11,12], from direct "in situ" 
observations of aluminum deformed in a 500 kev TEM, Fujita 
has discovered that these stanle tangles do not form 
effective barriers to dislocation motion. He observed that 
acrive dislocations readily climb and slip through these 
tangles under small applied stresses. In me same work, 
Fujita observed that after consideraDle deformation small 
dislocation loops are formed which are very stable and act 
to pin the active dislocations. Heavy tangling of 
dislocations occurs around these loops when the loop density 
is high. During recovery, these loops anneal out and the 
dislocations are unpinned. 

The present work did not investigate the formation 
process. In either case mentioned above, the driving force 
for rearrangement of dislocations into a cellular structure 
is the reduction of strain energy in the system. In the 
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study with A ISI 316 stainless steel [1], Challenger and 
Moteff expressed a relationship which showed that a 
reduction of the average distance between dislocations as 
they rearrange themselves during annealing results in a 
corresponding decrease in the strain energy. This reduction 
in strain energy thus would drive the rearrangement, 
provided that the dislocations had sufficient mobility. 
This also presumes the existence of a critical dislocation 
density beyond which rearrangement will occur. In the 
present study, it is assumed that the critical dislocation 
density has been achieved at a small true strain and that 
the increased dislocation mobility afforded as temperature 
increases allows the mechanisms of cross slip and climb to 
form the dislocation cells. The expected temperature 
dependence of this process in confirmed in this 
investigation by the observation that the higher the 
annealing temperature, the better developed are the 
dislocation cell structures. Vesely [13] has found that 
dislocation walls formed in deformation prior to forming 
cells are not continuous throughout the cross section, but 
that they terminate in the material. He states that the end 
of a wall represents a discontinuity and is the source of 
internal stress. Such discontinuities are seen in the 
present work, and their stress field could result in a 
barrier to primary dislocation motion. Increased annealing 
temperatures could also work to relieve these stresses and 
increase dislocation mobility. 



Fujita and Tabata [5] have worked out an interesting 
relationship between the dislocation cell size and the 
initial grain size which indicates that the cell size 
decreases rapidly when the initial grain size becomes 
smaller than a certain value which is a property of the 
material. This relation is derived from their work with 
aluminum and is based on the theory that when the strain 
increases, the number of active slip systems is increased 
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due to interaction among the grains. This theory should be 
valid for all face centered cubic metals. 

Most theories on subgrain strengthening are modeled to 
make the data fit the Hall-Petch relationship. Langford and 
Cohen [8] investigated the strengthening of iron by 
subgrains developed by wire drawing. These subgrains were 
highly elongated and ribbon-like so that their strengthening 
data may not be applicable to the present work; however, 
some of their conclusions and modeling are relevant to the 

strain hardening process. In this model, cell size 

strengthening is based on the assumption that dislocation 
sources in the cell walls are readily activated at low 
applied stresses under the influence of high stress 
concentrations. The observed strain hardening would result 
frcm the stress required to expand each dislocation loop 
across the glide plane of the cell until it reaches the 
boundary of the glide plane. The work of deformation per 
unit cell would be equal to the product of the flow stress 

and the strain per passage of dislocation. This work is 

equal to the energy per unit volume expended in forcing the 
expanding dislocation loop against the friction stress (_p0 
on the glide plane, plus the energy per unit volume required 
to generate the total length of the dislocation line. The 
result of their analysis is an equation of the form 

* v. ( tcT 

From experimental observations, Fujita and Tabata [5] 
have found that for low strains and no developed 

substructure in aluminum, the Hall-Petch relation, 

<r - r. 4 (S') * 

is valid, where d is the grain size. This would indicate 
that a kind of dislocation pile-up (upon which the 
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Hall-Petch relation is based) is formed against the grain 
boundary in order to transmit the deformation to the next 
grain. With large angles between grains, it can be assumed 
that grain boundaries are the major obstacles to dislocation 
motion. Once the substructure has developed, however, 
active dislocation motion is retarded significantly by 
dislocation tangles. Active dislocations must move through 
the tangles by cross slip and climb. Thus, perhaps the cell 
structure is dominant in determining dislocation motion by 
the density and size of the prismatic dislocation loops in 
the cell walls. The fact that these dislocation loops tend 
to anneal out [5,11,12,14] may account for the fact that 



subgrains 


formed by cold 


working an 


d annealing 


are 


less 


resistant 


to 


P 


lastic 


flow at 


high tempera 


t ures. 


as 


discovered 


by 


Chen 


[6]. 


It may also 


help explain 


why 


the 


strengthening 


fro 


m this 


method was 


less dramatic 


tha n 


that 



obtained by the warm rolling done by Sherby [4] and Tilman 
and Neuraeier [7]. Figure 12 gives a good representation of 
the expected substructure after annealing at a high 
temperature. The dislocation loops have been annealed out, 
and so the dislocation tangles become long and flowing in 
the recovery stages. Thus, it may ne deduced from tne 
present work that the nature of the boundary is determined 
by the conditions under which it is formed. 
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V 



SUMMARY AND CONCLUSIONS 



A transmission electron microscopy investigation of the 
correlation between increasing hardness and the developed 
substructure of cartridge brass (70 Cu-30 Zn) has been made. 
The brass was t hermo- mechan ically treated by cold rolling 
followed by warm annealing. This process resulted in 
increased hardness with increasing temperature, for a given 
true strain, up to the onset of recrystallization. 
Microgra phs of the substructure show that the development 
and refinement of the dislocation cell structure correlates 
well with the observed increase in hardness in figure 4. 



Fujita [11,12] has theorized that dislocation 
structures are formed by dislocation loops formed 
deformation. From "in situ" observations of deformati 
a 500 KEV TEM, he has found that these dislocation 
anneal out at elevated temperatures and the dislocatio 
unpinned, allowing them to move freely. This woul 
explain why subgrains formed by cold working follow 
warm annealing are less resistant to plastic fl 
elevated temperatures as observed by Chen [6]. The p 
study indicates that the cell structure does not f 
higher annealing temperatures, as shown in figure 11. 
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defined in figure 6. This structure is typical of most 
annealed metals, but the precise distribution depends 
strongly on the metal, its purity, and the history of the 
deformation [15]. Also, throughout this series, 
dislocation density between the cell walls appears to 
decrease as the dislocations migrate to the walls. 

The samples chosen to depict the substructure as a 
function of true strain were, in each case, taken at the 
peak of the hardness versus annealing temperature curve and 
are assumed to represent the most refined substructure. The 
dislocation cells in each case consist of diffused cell 
walls with central areas of low dislocation density. As 
shown in figure 16, the hardness increases with decreasing 
cell diameter. 

While it is evident that cold rolling followed by warm 
annealing is a viable mechanism for subgrain strengthening 
of cartridge brass, the boundaries formed are not as 
effective a barrier to dislocation motion as those of other 
materials formed by alternative methods [4,7]. Further 
investigation is needed to see if more effective 
strengthening may be realized by alternate thermo- mechanical 
treatment. 
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F igure 



ROLLING MILL. 
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Figure 3 - 



JEM-7 transmission electron microscope. 
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Figure 5 - 

ANNEALED 



CARTRIDGE BRASS STRAIN 
AT 1 50°F FOR 1 HOUR; BF 



D TO 60 PERCENT AND 
III AGE 5 0, 0 00X . 
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Figure 6 - CARTRIDGE BRASS STRAINED TO 60 PERCENT AND 
ANNEALED AT 210°F FOR 1 HOUR; BF IHAGE 50,000X. 
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Figure 



7 - CARTRIDGE BRASS STRAINED TO 60 
ANNEALED AT 245°F FOR 1 HOUR; BF IMAGE 50 



PERCENT AND 
, 000X . 
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Figure 8- CA RTRI DG E BRASS STRAIN 
ANNEALED AT 430°F FOR 1 HOUR; BF 



D TO 60 PERCENT AND 
IMAGE 50, 0 00X . 
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Figure 9 - 

ANNEALED 



CARTRIDGE BRASS STRAINED TO 60 
AT 525°F FOR 1 HO OR; 3F IMAGE 50 



PERCENT AND 

, ooox. 
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Figure 10 - CARTRIDGE 
ANNEALED AT 525°F FOR 



3RA3S STRAINED TO 60 PERCENT AND 
1 HOUR; 3F IMAGE 200,000X. 



31 






Figure 11 - CARTRIDGE BRASS STRAINED TO 60 PERCENT AND 
ANNEALED AT 670°F FOR 1 HOUR; BF IMAGE 50,000X. 
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Figure 12 - 

ANNEALED 



CARTRIDGE BRASS STRAINED TO 20 PERCENT AND 
AT 3 6 0° F FOR 1 BOOR; 3F IMAGE 50, 000X. 
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Figure 13 - CAST RIDGE BRASS STRAINED TO 40 P EEC Z NT AND 
ANNEALED AT 430°F FOR 1 HOUR; BF IMAGE 50,0001. 
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Figure 14 - 

ANNEALED 



CARTRIDGE BRASS STRAZNED TO bO P 
\T 525°F FOR 1 HOUR ; SF IMAGE 50, 



SRCENT AND 

ooox. 
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Figure 15 - CARTRIDGE BRASS STRAINED TO 90 PERCENT AND 
ANNEALED AT 430°F FOR 1 HOUR; BF IMAGE 50,000X. 
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